Journal  of  Power  Sources  186  (2009)  532-538 


ELSEVIER 


Contents  lists  available  at  ScienceDirect 

Journal  of  Power  Sources 

journal  homepage:  www.elsevier.com/locate/jpowsour 


pri 

SllbiautS 


Silver  decorated  7-manganese  dioxide  nanorods  for  alkaline  battery  cathode 

Shouyan  Wang3’*,  Jining  Xie3,  Tierui  Zhang b’ Vijay  K.  Varadan3 

a  Nanomaterials  and  Nanotubes  Research  Laboratory,  Center  of  Excellence  for  Nano-,  Micro-,  and  Neuro-Electronics,  Sensors  and  Systems, 

Department  of  Electrical  Engineering,  College  of  Engineering,  University  of  Arkansas,  Fayetteville,  AR  72701,  USA 
b  Department  of  Chemistry  and  Biochemistry,  University  of  Arkansas,  Fayetteville,  AR  72701,  USA 


ARTICLE  INFO 


ABSTRACT 


Article  history: 

Received  15  August  2008 

Received  in  revised  form  11  October  2008 

Accepted  13  October  2008 

Available  online  5  November  2008 


Keywords: 

Manganese  dioxide 
Hydrothermal 
Alkaline  battery 
Silver  nanoparticle 
Discharging  mechanism 


7-Manganese  dioxide  nanorods  were  prepared  using  a  simple  hydrothermal  method  based  on  redox 
reactions  between  S2082-  and  Mn2+  and  decoration  of  silver  nanoparticles  was  performed  by  a  wet 
impregnation  method.  The  as-prepared  materials  were  characterized  by  scanning  electron  microscopy 
(SEM),  transmission  electron  microscopy  (TEM)  and  X-ray  diffraction  (XRD).  Electrochemical  discharging 
capacity  of  Ag/Mn02,  Mn02/multi-walled  carbon  nanotubes  (MWNTs),  and  Ag/Mn02/MWNTs  electrodes 
were  determined  at  0.1  C  discharging  rate.  The  results  showed  that  utility  efficiency  of  Mn02  was  greatly 
enhanced  when  silver  particles  were  introduced  and  there  was  strong  interaction  between  silver  nanopar¬ 
ticles  and  bulk  Mn02  materials.  Electrochemical  impedance  spectroscopy  (EIS)  measurements  were 
performed  to  investigate  the  discharging  mechanism  of  the  Ag/Mn02 /MWNTs  electrodes.  Silver  nanopar¬ 
ticles  not  only  enhanced  electronic  conductivity  of  the  network,  but  also  improved  proton  diffusion 
process. 

©  2008  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

As  a  dominant  battery  for  portable  electronics,  billions  of  alka¬ 
line  batteries  were  consumed  annually.  One  of  the  battery  cathode 
materials,  manganese  dioxides,  is  of  technological  interest  due  to 
their  wide  use  as  primary  alkaline  and  secondary  lithium-ion  bat¬ 
teries,  as  well  as  the  combination  of  their  structural  flexibility  with 
novel  chemical  and  physical  properties.  Manganese  dioxides  and 
their  derivatives  have  also  attracted  special  attentions  in  many  dif¬ 
ferent  research  areas.  Manganese  dioxides  of  particular  interests 
to  battery  industry  are  a-,  p-  and  7-Mn02,  which  are  built  up 
of  [Mn06]  octahedrons  (single  or  double)  with  shared  corners  or 
edges  to  form  channels  through  the  structure.  Particularly,  7-Mn02 
has  been  widely  used  as  cathode  active  material  in  primary  batter¬ 
ies  due  to  the  fact  that  its  electrical  potential  is  reduced  slowly 
compared  with  the  other  forms  during  discharge  process. 

For  a  commercial  alkaline  Zn-Mn02  battery,  its  cathode  is  com¬ 
posed  of  electrolytic  Mn02  and  graphite  as  electron  conductive 
media,  while  its  anode  is  made  of  Zn  powder  held  together  by  a 
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synthetic  gel  [1,2].  Although  various  types  of  alkaline  Zn-Mn02 
primary  batteries  are  available  in  the  market,  the  electrode  uti¬ 
lization  efficiency  of  the  active  materials,  Mn02  and  Zn,  still 
remains  low  especially  under  high-drain  condition.  Furthermore, 
their  storage  capacities  are  largely  cathode  limited  [3].  In  order  to 
enhance  utilization  efficiency  of  cathode  active  materials,  discharg¬ 
ing  mechanism  of  Mn02  electrodes  in  alkaline  electrolytes  has  been 
thoroughly  investigated  by  using  different  methods,  such  as  nuclear 
magnetic  resonance  [4,5],  step  potential  electrochemical  spec¬ 
troscopy  (SPECS)  [5,6],  electrochemical  impedance  spectroscopy 
(EIS)  [3,7-9],  X-ray  diffraction  (XRD)  [10-14],  cyclic  voltammetry 
[8,15]  and  other  electrochemical  methods  [16-19].  Generally,  it  has 
been  demonstrated  that  reduction  of  7-Mn02  in  an  alkaline  elec¬ 
trolyte  consists  of  two  steps.  The  first  step  involves  a  homogenous 
proton  diffusion  process  in  the  lattice  of  7-Mn02,  while  the  second 
step  is  a  heterogeneous  process: 

Mn02  +  H20  +  e“  MnOOH  +  OFT  (1 ) 

MnOOH  +  H20  +  e“  Mn(OH)2  +  OFT  (2) 

Usually,  synthesis  of  7-Mn02  for  commercial  use  is  per¬ 
formed  by  an  oxidative  deposition  from  Mn2+/FI2S04  solutions 
[4,11,16,20,21].  Nanoscale  materials  have  attracted  lots  of  interests 
as  their  intriguing  physical  and  chemical  properties  are  quite 
different  from  their  bulk  counterparts.  Size  of  nanomaterials  has 
also  been  regarded  as  a  critical  process  that  may  bring  some 
novel  and  unexpected  properties.  Based  on  the  redox  reactions  of 
Mn04_  and/or  Mn2+,  7-Mn02  nanomaterials  have  been  prepared 
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by  several  methods,  such  as  chemical  deposition  process  [22,23], 
hydrothermal  [24-31],  sol-gel  [30],  coordination-polymer  pre¬ 
cursor  route  [1,32],  and  hydrothermal  treatment  of  commercial 
granular  7-Mn02  crystals  [33]. 

Recently,  discharging  performance  of  AA  size  alkaline  batteries 
with  Mn02  nanowires/nanotubes  and  graphite  as  positive  active 
materials  and  conductive  materials,  respectively,  has  been  tested 
[1].  The  results  showed  that  utility  efficiency  of  cathode  materials 
can  reach  up  to  about  91%  at  0.03  C  and  85%  at  about  0.3  C  dis¬ 
charging  rate.  Zhang  et  al.  [23]  synthesized  a  type  of  mesoporous 
manganese  dioxide  by  using  a  template-free  self-assembly  pro¬ 
cess  at  room  temperature  and  electrocatalyst  study  of  as-prepared 
Mn02  for  air-electrode  in  a  zinc-air  battery  exhibited  better  dis¬ 
charge  characteristics  than  that  of  microsize  Mn02. 

Multi-walled  carbon  nanotubes  (MWNTs)  have  also  been 
demonstrated  with  a  wealth  of  exceptional  structural,  mechanical, 
and  electronic  properties,  which  have  made  them  potentially  useful 
for  applications  in  nanotube-reinforced  materials  [34,35],  nano- 
electronic  devices  [36,37],  etc.  A  layer  of  7-Mn02  was  adsorbed 
successfully  upon  carbon  nanotubes  (CNTs)  surface  by  using  a 
chemical  deposition  method  [38].  Supercapacitor  characteristics  of 
Mn02/CNTs-based  nanocomposite  electrodes  have  also  been  inves¬ 
tigated  [20,22,39,40].  A  novel  air  electrode  using  a  combination  of 
dual  functional  silver/manganese  dioxide  catalysts  based  on  single- 
walled  carbon  nanotubes  (SWNTs)  was  developed  by  chemically 
reducing  silver  permanganate  with  hydrazine  [41  ].  The  electrocat- 
alytical  activity  was  examined.  Compared  with  catalysts  supported 
on  mesocarbon  microbeads  or  commercial  graphite,  higher  elec- 
trocatalytical  activity  for  oxygen  reduction  reactions  and  better 
discharge  performance  of  zinc-air  cell  were  observed  for  nano¬ 
sized  material-based  electrodes  [42]. 

Due  to  their  excellent  electronic  conductivity  of  silver  and 
MWNTs,  combination  of  these  two  would  be  an  ideal  conductor 
to  form  electron-transferring  channels  during  manganese  diox¬ 
ide  discharging  in  alkaline  electrolyte.  The  goal  of  this  work  is 
to  improve  cathode  materials  utility  efficiency  by  introducing 
nano-sized  active  materials  and  electron  conductors.  Interaction 
between  silver  nanoparticles  and  manganese  dioxide  nanorods  and 
discharging  mechanism  of  7-Mn02-based  electrodes  were  also  dis¬ 
cussed. 

2.  Experimental 

2.1.  Materials  synthesis  and  characterization 

7-Mn02  nanorods  were  synthesized  by  a  traditional  hydrother¬ 
mal  method  as  reported  elsewhere  [24].  Manganese  sulfate 
monohydrate  (Analytical  grade,  Alfa  Aesar)  and  a  prescribed 
amount  of  ammonium  persulfate  (NH4)2S208  (Analytical  grade, 
Sigma-Aldrich)  were  added  into  distilled  water  at  room  temper¬ 
ature  to  form  a  homogeneous  solution,  which  was  then  transferred 
into  a  40  ml  Teflon-lined  stainless  steel  autoclave,  sealed  and  main¬ 
tained  at  90  °C  for  12  h.  After  the  reaction  was  completed,  the 
resulting  solid  product  was  filtered,  washed  with  distilled  water 
to  remove  ion  remnant  possibly  in  the  final  product,  and  finally 
dried  in  air.  Silver  decorated  manganese  dioxide  nanorods  was  pre¬ 
pared  by  a  wet  impregnation  method,  which  involved  an  addition  of 
AgN03  aqueous  solution  into  7-Mn02  nanorods  suspension  under 
vigorous  stirring  followed  by  a  drying  process.  The  obtained  sam¬ 
ple  was  finally  calcined  at  200  °C  for  0.5  h.  Using  standard  analytical 
techniques  [43],  the  O/Mn  ratio  of  as  prepared  Mn02  and  Ag/Mn02 
samples  were  both  determined  to  be  1.98.  Multi-walled  carbon 
nanotubes  were  derived  from  a  microwave  catalytic  chemical  vapor 
deposition  and  a  purification  process  was  applied  to  obtain  highly 
pure  carbon  nanotubes  [44]. 


A  scanning  electron  microscope  (SEM,  Philips  ESEM 
XL30)  and  a  transmission  electron  microscope  (TEM,  JEOL 
JEM100CX)  were  used  to  investigate  the  morphology  of  Mn02 
nanorods.  XRD  analysis  was  performed  on  a  Rigaku  Miniflex 
X-ray  diffractometer  with  monochromatized  Cu  Ka  radia¬ 
tion  (A  =  1.5406 A)  scanning  from  20°  to  70°.  The  Brunauer- 
Emmett-Teller  (BET)  surface  areas  of  Mn02  nanorods  and  Ag  deco¬ 
rated  Mn02  nanorods  with  carbon  nanotubes  (Ag/Mn02/MWNTs) 
were  measured  on  a  surface  area  and  porosimetry  system 
(Micromeritics  ASAP2020). 

2.2.  Electrode  assembly  and  measurement 

As-prepared  Mn02  powders  were  used  to  make  cathode  pastes. 
The  weight  ratio  of  active  materials  to  MWNTs  is  10:1.  A  proper 
amount  of  9  M  KOH  solution  was  added  and  mixture  was  milled 
by  an  agate  mortar  and  pestle  thoroughly  to  get  the  positive  paste, 
followed  by  pressing  onto  a  1  cm  x  1  cm  porous  nickel  foam.  Tra¬ 
ditional  three-electrode  electrochemical  cell  was  assembled  for 
discharging  performance  measurements.  The  reference  electrode 
was  Hg/HgO  and  porous  nickel  foam  was  used  as  the  counter  elec¬ 
trode. 

Electrode  capacity  measurements  were  performed  at  a  0.1  C  dis¬ 
charging  rate  (31  mAg-1 )  at  room  temperature  by  using  a  battery 
testing  system  (Arbin  instruments,  BT4).  EIS  was  measured  over 
frequency  range  0.1  Hz  to  1  MHz  by  using  a  Solartron  1287  elec¬ 
trochemical  interface  together  with  a  1255B  frequency  response 
analyzer. 

3.  Results  and  discussion 

3.1.  Characteristics  of  as-prepared  Mn02 

The  XRD  pattern  (Fig.  1)  confirms  the  as-synthesized  mate¬ 
rial  is  mainly  7-Mn02.  For  the  Ag/Mn02  sample,  its  XRD  pattern 
is  similar  to  the  precursor  indicating  a  rather  uniform  distribu¬ 
tion  of  silver  particles  on  Mn02  supports  [45].  All  the  diffraction 
peaks  can  be  indexed  to  an  orthorhombic  phase  of  7-Mn02  with 
lattice  constants:  a  =  8.70 A,  b  =  2.90 A,  and  c  =  4.4lA  (Jade,  XRD 
pattern  processing  software,  Materials  Data  Inc.)  which  are  in 
good  agreement  with  the  standard  values  (Joint  Committee  on 
Powder  Diffraction  Standards  (JCPDS)  card  no.  65-1298;  a  =  9.27  A, 
b  =  2.87  A,  c  =  4.53  A).  The  peaks  at  20  values  of 22.45°,  37.13°,  42.47°, 


Fig.  1.  (a  and  b)  XRD  pattern  of  as-prepared  Mn02  nanorods  by  a  hydrothermal 
method. 
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56.26°,  and  65.41 0  correspond  to  1  0 1,  2  1  0,  2  1  1,  4  0  2,  and  0  2  0 
crystal  planes  of  7-Mn02,  respectively.  The  small  peak  at  around 
28.7°  for  Ag/Mn02  sample  may  be  ascribed  to  (3-Mn02  formed  at 
a  relatively  high  temperature,  which  is  required  for  the  decom¬ 
position  of  silver  nitrate.  Structure  of  7-Mn02  is  widely  accepted 
as  a  random  intergrowth  of  1  x  1  tunnels  of  pyrolusite  and  1x2 
tunnels  of  ramsdellite  constructed  of  [Mn06]  octahedral  structures 
[1,46]. 

Fig.  2  shows  a  representative  SEM  micrograph  of  as-prepared 
Ag/Mn02  powders.  It  is  obvious  that  synthesized  Mn02  has  a  rod¬ 
like  morphology.  The  EDX  spectrum  (overall,  the  aluminum  peak 
comes  from  the  SEM  stub  used)  and  mapping  (Fig.  3,  selected  area 
in  Fig.  1 )  confirmed  the  homogeneous  distribution  of  silver  particles 
which  is  consistent  with  XRD  results.  The  content  of  silver  can  also 
be  calculated  to  be  10.0  wt%  by  using  EDX  analysis.  It  can  be  seen 
clearly  from  a  representative  TEM  image  (Fig.  4)  that  the  average 
size  of  these  nanorods  is  about  40  nm  in  diameters  and  500  nm  in 
length. 

Surface  areas  of  Mn02  and  Ag/Mn02/MWNTs  were  measured 
by  BET  method.  According  to  the  gas  adsorption  theory  in  multi- 
molecular  layers,  the  following  formula  can  be  applied  [47]: 

V  _  1  ,  c— 1  p 

- t  — - 1 - x  —  (3) 

v(Po-p)  VmC  VmC  P  o 

where  p  and  p0  are  the  saturation  pressure  of  the  gas,  vm  is 
the  volume  of  gas  adsorbed  when  the  entire  adsorbent  surface 
is  covered  with  a  complete  unimolecular  layer  and  c  is  a  con¬ 
stant.  Fig.  5(a)  and  (b)  are  plots  of  p/v(p0  -p)  vs.  p/p0  for  Mn02 
and  Ag/Mn02/MWNTs,  respectively.  The  measured  BET  surface 


Fig.  2.  SEM  micrograph  of  as-prepared  Ag/Mn02  nanorods. 


area  for  MnC>2  is  35.2  m2  g_1 ,  while  the  value  is  57.8  m2  g_1  for 
Ag/MnC>2/MWNTs.  Obviously,  the  introduction  of  Ag  nanoparti¬ 
cles  and  carbon  nanotubes  significantly  increases  the  surface  area 
which  is  favored  for  electrochemical  reactions  occurring  during 
battery  discharge. 
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Fig.  3.  EDX  analysis  of  as-prepared  Ag/Mn02  nanorods  (a)  spectrum  and  (b)  elemental  mapping  (Mn  (I),  Ag  (II)  and  O  (III)). 
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3.2.  Discharging  performance  of  the  Mn02  electrodes  in  alkaline 
electrolytes 

During  discharging,  the  reduction  potential  of  a  cathode  elec¬ 
trode,  described  in  Eq.  (1),  is  determined  by  the  corresponding 


Fig.  5.  BET  measurements  ( p/v(po-p )  vs.  p/po)  for  (a)  Mn02  and  (b) 
Ag/Mn02  /MWNTs. 
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Fig.  6.  Discharging  curves  of  the  Mn02  electrodes  with  different  conductors  at  0.1  C 
discharging  rate  (the  inset  shows  the  initial  stage  of  the  discharging  process). 


Nernst  equation: 

5  ■) 
F  y  [MnOOH]  x  [OH-]  J 


(4) 


where  E°  is  standard  reduction  potential  of  Mn02  electrode  and  [X] 
is  activity  of  species  X.  The  other  symbols  have  their  usual  signifi¬ 
cances.  In  our  three-electrode  electrochemical  testing  system,  the 
concentration  of  water  and  potassium  hydroxide  can  be  assumed 
constant  during  discharging  [6].  Therefore,  Eq.  (4)  may  be  expressed 
as  following  [19,48]: 


DT 

E  =  E°'  +  ^  In 
F 


f  [Mn02  ]soiid  \ 
V  [MnOOH]solid  / 


(5) 


where  E°'  takes  into  consideration  the  contributions  to  the  poten¬ 
tial  from  [H20]  and  [OH-],  [X]solid  is  mole  fraction  of  Mn02  and 
MnOOH  species  in  solid  phase  and  [Mn02]soiid  +  [MnOOH]solid  =  1. 
The  discharging  potential  of  Mn02  electrode  in  alkaline  electrolytes 
can  be  calculated  at  various  stages  of  discharge  according  to  Eq.  (5). 

Fig.  6  shows  typical  discharging  curves  of  Mn02-based  elec¬ 
trodes  with  different  electrode  components.  The  open  circuit 
voltages  (OCV)  for  Mn02/MWNT,  Ag/Mn02  and  Ag/Mn02 /MWNT 
were  measured  to  be  0.209,  0.206  and  0.207  V,  respectively.  Usu¬ 
ally,  we  can  predict  an  OCV  increase  with  a  higher  Mn4+  content 
and  a  higher  relative  proportion  of  less  stable  Mn02  phases;  i.e., 
ramsdellite  and  cation  vacancies  [21].  It  is  also  generally  believed 
that  drying  at  150  °C  or  above  will  cause  a  loss  of  cation  vacancy 
protons  along  with  an  equivalent  amount  of  oxygen,  from  the  elec¬ 
trolytic  manganese  dioxide  (EMD)  lattice  [31]  and  thus  a  loss  of 
high  voltage  and  reduced  electrochemical  performance  [4].  Here, 
all  electrodes  show  almost  same  higher  OCV  comparable  to  com¬ 
mercial  EMD  although  Ag/Mn02  was  calcined  to  decompose  silver 
nitrate  at  relatively  high  temperature.  This  may  be  ascribed  to  the 
relatively  short  heating  treatment  period  (half  an  hour  here  vs.  sev¬ 
eral  hours  in  literatures)  and  most  of  the  protons  are  still  keep  intact 
after  heating  treatment. 

The  potential  of  the  Mn02 /MWNTs  electrodes  decreases  grad¬ 
ually  with  discharge  duration  in  alkaline  solution  as  defined  by 
Eq.  (5),  which  implies  that  discharging  of  manganese  dioxide  is 
a  homogeneous  process  [19].  When  a  manganese  dioxide  is  dis¬ 
charged,  MnOOH  is  produced  as  a  primary  product  on  the  surface 
of  bulk  Mn02  particles,  and  the  proton  and  ionic  diffusion  process 
has  been  considered  as  the  rate-determining  step  in  overall  dis¬ 
charge  reactions  [1,4-6,9-13,16-19].  The  potential  decrease  of  the 
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manganese  dioxide  electrodes  during  discharge  is  caused  by  accu¬ 
mulation  of  MnOOH,  which  can  be  interpreted  by  a  concept  of  solid 
phase  diffusion  of  MnOOH.  The  diffusion  process  does  not  need  to 
be  considered  as  the  actual  movement  of  Mn  and  O  atoms  and  its 
effect  can  be  attained  by  diffusion  of  protons  and  electrons  only 
[1,6,9,19].  By  diffusion,  the  concentration  of  MnOOH  at  the  elec¬ 
trode  surface  decreases  after  current  stops,  but  since  it  is  merely 
a  leveling  of  MnOOH  concentration  in  solid  phase,  some  accu¬ 
mulations  of  MnOOH  at  the  electrode  is  inevitable.  Consequently, 
decrease  in  potential  takes  place.  The  first  discharging  step  occurs 
between  0.3  and  -0.4  V  (vs.  Hg/HgO,  the  same  as  below)  and  the 
second  step  starts  at  about  -0.4  V.  In  most  cases,  except  for  those  at 
very  low-discharge  current  densities,  7~Mn02  is  rarely  discharged 
to  the  heterogeneous  step.  The  abovementioned  second  discharge 
step  represents  only  a  minor  contribution  to  the  total  discharge 
capacity  of  a  practical  battery  [12,19]. 

It  also  can  be  seen  from  Fig.  6  that  silver  particles  have 
great  effects  on  the  discharging  performance  of  Mn02.  About 
257  mAh  g-1  of  discharge  capacity  was  achieved  for  the  typical 
Mn02/MWNTs  electrode,  while  capacity  increased  greatly  to  about 
302  mAhg-1  for  the  silver  decorated  Mn02  electrode  at  -0.4  V  (vs. 
Hg/HgO)  cutoff  potential  for  both.  For  silver  decorated  Mn02  elec¬ 
trode  without  MWNTs  conductive  media,  the  capacity  is  about 
124  mAh  g-1  only  which  can  be  ascribed  to  the  poor  connecting  net¬ 
work  for  electron  transfer.  In  this  case,  there  are  only  silver  particles, 
which  are  dispersed  finely  on  the  surface  of  bulk  Mn02  nanorods 
surface,  serving  as  electron  conveying  agent.  Most  importantly, 
as  all  electrodes  has  an  OCV  around  1.59  V  vs.  zinc,  the  ener¬ 
gies  calculated  are  242,  278  and  102mWhg-1  for  Mn02/MWNTs, 
Ag/Mn02 /MWNTs  and  Ag/Mn02  with  1.1  V  vs.  zinc  cutoff  potential, 
respectively.  Detailed  discharging  mechanism  is  discussed  in  the 
following  section. 

3.3.  Discharging  mechanism  of  the  silver  decorated  MnC>2 
electrodes 

It  is  interesting  to  study  the  underlying  mechanism  behind 
superior  discharge  performance  of  silver  decorated  7-Mn02 
in  this  work  compared  with  other  chemical  manganese  diox¬ 
ides.  In  alkaline  solution,  concentration  of  H+  ion  is  so  low 
that  the  possibility  of  the  disproportionation  reaction  (that  is, 
2MnOOH  +  2H+  Mn02  +  Mn2+  +  2H20)  is  very  small  [11].  There¬ 
fore,  the  removal  of  MnOOH  is  performed  by  solid  phase  diffusion 
only  as  discussed  before.  Cheng  et  al.  [1]  studied  discharging 
performance  of  7-Mn02  nanowires/nanotubes  with  graphite  as 
the  conductive  material  and  their  results  showed  that  employ¬ 
ment  of  7-Mn02  nanowires/nanotubes  played  a  significant  role 
in  improved  performance  of  AA  size  batteries.  Since  the  surface 
area  is  high  for  nanoscale  crystalline  7-Mn02,  sufficient  material 
contact  within  electrode  was  resulted,  thereby  favoring  diffusion 
process  [1].  Furthermore,  nanosize  conducting  MWNTs  can  be 
distributed  uniformly  and  form  an  efficient  electron  transferring 
matrix  throughout  the  electrode.  As  the  result,  a  low-internal  resis¬ 
tance  and  high-electrical  conductivity  were  observed  for  the  testing 
cell  [22,49]. 

During  initial  discharging  stage  as  shown  in  the  inset  of  Fig.  6, 
the  potential  of  the  Ag/Mn02 /MWNTs  electrode  is  constant  indi¬ 
cating  that  silver  is  partly  oxidized  during  the  synthesis  of  active 
materials.  The  potential  is  consistent  with  the  discharging  poten¬ 
tial  of  Ag20/Ag  couple  (about  0.2  V)  in  alkaline  electrolytes.  And  the 
weight  percentage  of  silver  oxide,  about  40%,  expressed  as  amount 
of  silver  oxide  relative  to  the  total  amount  of  silver  and  silver  oxide 
together,  can  be  calculated  according  to  the  electrode  discharging 
capacity  during  that  period.  As  a  matter  of  fact,  the  utility  effi¬ 
ciency  of  the  Ag/Mn02 /MWNTs  electrodes  can  reach  as  high  as  95% 


at  0.1  C  discharging  rate  with  a  -0.4  V  cutoff  potential  subtracting 
the  contribution  of  Ag20/Ag  couple.  There  are  only  slight  poten¬ 
tial  variations  for  the  Ag/Mn02  electrodes  since  the  polarization 
for  this  electrode  is  too  high  as  we  mentioned  above.  As  water  is 
a  reactant  in  this  expression,  its  availability  is  crucial  for  high-rate 
discharge.  It  is  likely  that  high-surface  area  active  materials  benefit 
from  rapid  exchange  of  water  from  one  cell  region  to  another  and 
thus  enhanced  their  electrode  performances  [1  ]. 

According  to  SPECS  results  [5,6],  the  reduction  process  of  Mn02 
to  form  MnOOH  actually  occurs  via  several  homogeneous  steps 
during  discharge  in  alkaline  electrolytes  (9M  KOH)  as  shown  in 
following: 

Step  1.  Reduction  of  Mn4+  on  or  close  to  surface  of  the  Mn02  par¬ 
ticles  (0-0.1  V). 

Step  2.  Reduction  of  ramsdellite  domains  (-0.1  V). 

Step  3.  Reduction  of  pyrolusite  domains  (-0.2  V). 

The  potential  of  the  Ag/Mn02 /MWNTs  electrodes,  unlike  the 
Mn02 /MWNTs  electrodes,  decreased  sharply  to  about  -0.2  V 
(directly  to  the  third  step  after  a  short  discharging  period  as 
shown  in  Fig.  6)  and  then  kept  roughly  constant.  The  only  differ¬ 
ence  between  these  two  electrodes,  the  Ag/Mn02 /MWNTs  and  the 
Mn02 /MWNTs,  is  their  composition.  Hence,  silver  nanoparticles 
are  believed  to  play  significant  roles  for  improved  battery  perfor¬ 
mances. 

Introducing  silver  nanoparticles  to  Mn02  produces  a  strong 
Ag-Mn02  interaction  [45]  and  their  surface  structure  significantly 
determines  the  intensity  of  interaction.  H20,  which  is  an  abun¬ 
dant  source  of  protons  during  discharging,  may  decompose  at  the 
solid-solution  interface,  and  protons  are  introduced  into  the  lat¬ 
tice  forming  OH-  [19].  Silver  nanoparticles  mounted  on  the  surface 
of  Mn02  nanorods  can  not  only  decrease  the  resistance  of  the 
electrodes  but  also  promote  the  surface  proton  diffusion  process 
[50].  On  or  close  to  the  nanorods  surface,  Mn02  is  reduced  to 
MnOOH  dramatically  owing  to  silver  nanoparticles.  Especially,  near 
the  newborn  surfaces  of  silver,  the  primary  discharging  products 
accumulate  rapidly  due  to  the  relatively  slow  removal  of  MnOOH 
[18,19].  Thus  the  electrode  potential  decreases  quickly  to  the  third 
step  according  to  Nernst  equation  till  a  new  proton  and  electron 
diffusion  equilibrium  is  established. 

A  porous  electrode  that  involves  Faraday  charge  transfer  can 
be  represented  as  a  transmission  line  equivalent  circuit  [9,51,52]. 
Two  types  of  currents  through  the  interface  of  electrode  should 
be  distinguished,  which  are  the  current  due  to  proton  insertion 
and  electron  migration  between  Mn02  particles  (that  is  Faraday 
current),  and  the  non-Faraday  current  to  a  charge/discharge  dou¬ 
ble  layer.  The  Faraday  branch  may  be  represented  by  a  charge 
transfer  resistance  Rc t  and  by  a  Warburg  impedance  W,  while  the 
non-Faraday  displacement  current  branch  may  be  represented  by  a 
distributed  double-layer  capacitor,  constant  phase  element  (CPE). 
The  distributed  capacitance  and  resistance  are  used  to  represent  the 
energy  dissipation  in  a  porous  electrode.  The  Warburg  impedance 
occurs  when  the  charge  carriers  diffuse  through  a  material.  Rct 
is  believed  to  relate  not  only  to  the  surface  condition  of  7-Mn02 
particles,  but  also  to  the  water  activity  in  vicinity  of  Mn02  par¬ 
ticles  [9].  High  values  of  Rc t  will  result  in  high-electrochemical 
over-potentials  during  discharge.  Rc t  can  also  be  used  to  evaluate 
the  quality  of  7-Mn02  and  its  value  may  vary  substantially  with 
different  7-Mn02  [9]. 

EIS  was  conducted  to  further  understand  the  reaction  processes 
of  the  Mn02  electrodes.  It  can  be  seen  from  Fig.  7(a)  and  its  inset 
that  the  typical  Ag/Mn02 /MWNTs  electrode  shows  the  lowest  reac¬ 
tion  resistance.  Usually,  equivalent  circuit,  shown  in  Fig.  7(b),  is 
selected  to  represent  a  porous  electrode  matrix  for  ion  diffusion 
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silver  contained  electrode  suggesting  an  obvious  different  discharg¬ 
ing  process  as  expected.  The  higher  electronic  conductivity  of  and 
improved  proton  diffusion  by  silver  nanoparticles  results  in  higher 
discharging  capacities  of  the  Ag/Mn02/MWNTs  electrodes. 


4.  Conclusion 

7-Manganese  dioxide  nanorods  were  synthesized  by  a 
hydrothermal  method.  The  diameter  of  the  as-obtained  nanorods 
is  about  40  nm,  with  a  length  of  500  nm.  Silver  nanoparticles,  deco¬ 
rated  on  the  surface  of  the  nanorods  evenly  by  a  wet  impregnation 
method,  have  greatly  interacted  with  Mn02  during  discharging 
in  alkaline  electrolytes.  Capacities  of  as-prepared  electrodes  were 
measured  and  the  material  utility  efficiency  can  reach  up  to  about 
95%  for  silver  decorated  Mn02  with  MWNTs  conductive  media  at 
0.1  C  discharging  rate.  The  potential  of  the  Ag/Mn02/MWNTs  elec¬ 
trodes  is  almost  constant  during  discharge.  Discharging  mechanism 
studies  showed  that  silver  nanoparticles  not  only  accelerate  the 
electron  conducting  but  also  improve  the  proton  diffusion  through¬ 
out  the  electrode,  which  is  consistent  with  the  results  of  the  EIS 
measurements. 
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Fig.  7.  EIS  curves  for  different  Mn02  electrodes  (a)  at  an  open-circuit  potential  and 
the  equivalent  circuit  models  used  in  the  impedance  fitting  for  the  electrodes  (b) 
without  and  (c)  with  silver  decoration. 


with  local  proton  intercalation  into  the  lattice  of  Mn02  with¬ 
out  silver  decoration  [8,9,51,52],  where  R\  is  the  alkaline  solution 
ohmic  resistance.  Since  nano-silver  particles  were  dispersed  evenly 
throughout  the  bulk  Mn02  surface,  the  newborn  silver  particle 
with  high-electro-catalytic  abilities  and  low  resistances  acceler¬ 
ate  the  proton  and  electron  diffusion  throughout  the  electrode. 
For  the  Ag/Mn02 /MWNTs  electrodes,  two  electrochemical  reac¬ 
tions  should  take  place.  The  first  one  is  ascribed  to  reduction  of 
silver  oxide,  which  is  consistent  with  a  constant  potential  observed 
in  Fig.  6  during  initial  discharging  stage.  And  the  second  one  was 
reduction  of  Mn02  active  materials— proton  diffusion  through  the 
lattice  of  Mn02  without  a  Warburg  impedance  (Fig.  7(c)). 

Simulation  results  (ZSimpWin  3.10,  EChem  Software)  of  EIS 
curves  for  all  electrodes  studied  in  this  work  are  listed  in  Table  1 . 
It  is  indicated  that  MWNTs  improve  the  electrode  conductivity 
dramatically.  The  reaction  resistance  drops  from  108.8  and  96.9 
to  2.5  and  5.7  £2  cm2  for  the  Ag/Mn02  and  the  Ag/Mn02 /MWNTs 
electrodes,  respectively.  The  Mn02  reduction  resistance  of  the 
Ag/Mn02 /MWNTs  electrodes  also  decreases  slightly  compared 
with  the  Mn02/MWNTs  electrodes  (from  6.9  to  5.7  £2  cm2),  which 
may  be  attributed  to  the  electro-catalysis  of  silver  nanoparticles. 
Most  importantly,  no  Warburg  resistance  was  detected  in  either 

Table  1 

Equilibrium  circuit  parameters  of  different  Mn02  electrodes. 
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